INTRODUCTION
Microelectrndes have found application mainl. in te '..a of physiology and medicine, but the same or a simila" const'u.:1, '-Investigation of microbial corrosion requires incorporation of both can be applied to describe conditions at the meta! water i"te'a:c electrochemical and microbiological methods Simple insertion of This paper describes the application of dissolved oxyger :P a-: microorganisms into an electrochemical reactor may not yield usepH microelectrodes for measurements at meta! surfaces irn--esez ful or relevant information Inserting corrosion coupons into a miin water DO and pH are important factors for chemcal oesc " c crobiological reactor may be srmlarly useless. Investigation of miof the metal-water interface Oxygen is the preferred electron a:-crobial corrosion requires integration of methods from both ceptor for microbial respiration Under aerobic conditons o',s#ce disciplines modified for specific measurements suitable for relevant concentration decreases as the microbiall colonized meta s,-' experimental reactors face is approached Areas of oxygen depletion on meta' su'aMicrobial colonization of a metal surface immersed in water are anodic relative to surrounding areas Reduction in oxie cc -. changes the properties of the metal-water interface and influences centration also creates conditions conducive for sulfate-reduc ng the corrosion rate because of microbial metabolic 3ctivity " The bacteria even if the bulk medium has measurable DO difference between corrosion rates in the absence and in the presconcentration 2 Microbial activity may also change the meta suence of microorganisms is called microbia corrosion. The microface pH High metal surface pH promotes formation of calcareous -€ bial corrosion rate is a function of microbial activity at the metal deposits while low pH causes dissolution of deposits and exocsurface The kind and intensity of microbially induced changes at sure of the metal surface ' Little. et al. .4 suggest that pH at the the metal surface depends on many factors, and hence. generalimicrobially colonized metal surface can. in some cases be as lov.
zation of mechanisms for microbial corrosion is difficult. Microbial as 0 6 ( corrosion rate depends on the kind of microorganisms that coloThe performance of DO and pH electrodes were tested , a nize the metal surface, the electron donor and the electron accepsystem that allowed comparison of measured and theoretical retor in the microbial respiration chain, rate of microbial metabolic suits Cathodic polarization was chosen as a suitable system Djiractivity, physical and chemical properties of the bulk water, hydroing cathodic polarization, DO is reduced at the metal surface and dynamic flow regime at the metal surface, metal composition a stoichometrically predictable amount of hydroxyl ion is release' physical and chemical properties of metal surface. corrosion inhibiThus an increase in applied cathodic potential would cause DO 
EXPERMENTAL PROCEDJ-PE

Dissolved Oxygen Electrode
The DO electrode. des:gneo b, Ciark. el a-was reduced to microelectrode size using a procedure described by Revsbecn and Jorgensen." The electrode was made of a 0.1-mm. high-purty (99 99%) platinum wire etched electrochemically with one end in KCN to a tip diameter of -2 pm The wire was rinsed with concentrated HCI and ethanol and covered with soda-lime glass The tip of the platinum wire was exposed oy grinding on a rotating wheel covered with diamond paste The exposed platinum tip was subsequently etched in KCN to yield a recess of --2 iirr, The operation was performed with a microscope with a mounted TV cam era and was observed on a video screen. The tip of the electrode was covered with a polymer (TePeX " I. serving as the oxygenpermeable membrane The electrode was calibrated in 3,5% Instant Ocean' solution by aeration and subsequent purging with FIGURE 2. Microphotograph of a pH microelectone pure nitrogen. The current in the measuring circuit was measured with a picoammeter with output to a linear recorder a sketch of a DO electrode is presented in Figure 1 0 1 M NaCl buffered to pH 6 with 0 1 M citrate buffer The sii\e- The capillary made of pH-Isensiive glass. sealed on one end, was thmesrenadrerncAggIlcroewsesud inserted into the insulating lead glass pipette almost to the end the measurement and reference Ag/AgCI electrode was measured Application of pressure to the pH-sensitive glass capillary, along using an electrometer connected with an amplifier of 10"2 ohms with careful heating of the sealed end with a heating loop impedance The electrode was calibrated using standard pH buffer expanded the pH-sensitive glass inside the insulating glass. solutions.
thereby providing a fused seal between the two glasses ( Figure 2 covered with 0.5% agar Subse4uently, the agar-microbe mix was covered with 2% agar. The 2% agar prevented penetration of m,-Solas Tota 33 99-A croorganisms from the bulk medium to the metal coupons The pore size of 20 agar had been estimated to be 44 nm " The present measurement (Figure 5 ) showed the pore size of 2% agar to be in the range of 10 to 60 nm Consequently. bacteria fro,-, the
Closed Abiotic Reactor
liquid phase cannot penetrate through the 2% agar to tne metal Measurements in an abiotic. closed reactor we ,: onducted surface On the other hand, the mixed culture originally immobto evaluate the electrode performance under well-defined condilized remains trapped on the metal surface The medium 3 5-% lions at the metal surface The influence of cathodic polarizaton artificial seawater (instant Ocean) with 100-mgL-' yeast extract on interfacial DO concentration and pH was measured Measurewas supled contnuously and flowed over the reactor surface ments were conducted in a 1-L volume PARCL 2 flask equipped creating a suitable shear stress The oxygen and nutrients wee witn two graphite counter electrodes a SCE and an Allegheny transported from the bulk medium by diffusion through the aca' Ludlum' 3 6X (SS) working electrode (Figure 3 ) Cathodic polarzalayer to the immobilized cells The conditions at the corrosion cotion potentiai voltages were dete-mined ana maintainec constan' pons were evaluated by measuring the DO profile n the adar layeusing a PARC 273 potentiostat-galvanostat Applied potential was during cathodic polarization of the corrosion coupons The first varied from 0 to -1 0 V(SCE) in 0 1-V intervals Circular AL6X measurements were conducted just after inoculation. ther, electrodes with a surface area o' 1 c"-were cut from a 0 65-mm repeated after 14. 38 ano 52 n of reactor ooeratio r After 3E r-o' metal sheet The workinc electroE was rnsed Witi-, acetone prior reactor operation. qlutaraldehyde was introduced for 14 r, in tie to mounting in the PARC-flat electrode holder DO and pH at the reactor influent at 500 mgL cathodicaliy polarized meta surfaces were measured using micro-
The purpose of the glutaraldehyde treatment was to mactelectrodes positioned at ine surface ol the working electiode using vate microorganisms at the metal surface anc to comoare co c a micromanipulator Measurements of DO and pH were made lions (microbial activity) with those at the beginning o' reacto against a standard Ag AgCI electrode Durno the measurements eration After 52 n of operation (14 h of Contact with dlutarace the reactor iquid was purged with air Measurements were corhyde, the DO profile an cathodic polanzat,o measu..eme-ts ducted in 3 5% artificial seavwate-, Instant Ocean and 3 5% sowere repeated dium chloride nPr,nceto, A~ppe, Researc c: -,:e -- 
Abiotic Experiment
Interfacial 00 concentration at a cathodtcally polarizez AL6X SS surface in aerated instant Ocean measured (Figure 6 ; Resu:!5 indicate that increasing applied potential to -0 3 VISCE, did o*.
change the DO at the metal surface Further increase in appliepotential resulted in rapid decrease in DO at the metal surface Oxygen concentration reached zero when the applied potentil reached -0.8 VISCE). The curve reaches zero oxygen ccncentration asymptotically.
pH-was measurcc! at "ic-ca*hodicniiy poilrized metal surface in 3.50v artificial seawater and 3.5%. sodium chloride solution 
Agar Pore Size Measurement Biotic Experiment
The pore size of 2% agar was estimated by scanning elecCurrent density as a function of cathodic polarization was tron microscopy (SEM). Agar discs colonized with Acetobacter measured using corrosion coupons in the open channel flow reacacet, were fixed for 8 h in 2% glutaraldehyde diluted with filter tor (Figure 8) . Cathodic potential against a SCE was varied from sleilized artificial seawater. The agar discs were dehydrated in a corrosion potential E, to -0.6 VISCE). The current density regraded series of ethanol (30 min in ethanol 30 to 100%). The agar sulting from a specific imposed potential decreased considerably discs were prepared for electron microscopy by critical point drying with run time. Glutaraldehyde treatment reversed this tendency using a Balzersisi CPD-020 critical point dryer Samples were sputter-coated with Au-Pd alloy and were examined at 30,OOOX________ ________________ *JEOL. Japan 
Cathodic potentials V(SCE) FIGURE 7. a/-as a function of applied cathodic potential in 3.5%
DISCUSSION
artificial seawater (AS) and 3.5%o sodium chloride INaCl), purged with air.
Abiotic Experiment
K'croelectrodes have been used to measure DO and pH at a and the resulting cathodic polarization curve after treatment is escathodically polarized metal surtaces. The results can be analyzed sentially the same as at the beginning of the experiment, based on chemical reactions that occir on cathodically polarized The DmO pivfgi~ in the agar layer reflect the microbial respirametal surfaces, Application of cathodic potential causes reduction tion activity during the experiment (Figures 9 and 10) . Tl._ agar of oxygen and release of hydroxyl ion according to reaction layer without microorganisms does not show any significant oxygen consumption after 14 h (Figure 91 . The biotic agar layer exhib-11202 -H 2 0 -2e =20H (1) its significant oxygen consumption, which reSL!'S in anaerobic conditions at the metal surface, After glutaraldehyde treatment, the D0 profile is similar to the profile in the abiotic agar layer. A slight Reduction of oxygen occurs at the expense of increasiric pH consumption of oxygen has been detected in agar layer after gluOnce the applied potential is more negative than the potentiai Of taraldlehyde treatment, which suggests that a small number of mithe reversible hydrogen electrode, Reaction (1) is followed by croorganisms survived the treatment and were still respiring (Figure 10) . Increasing the applied potential dec'easec the metal surface DO future investigations concentration The asymptotic approach of DO to zero suggests that transport of oxygen from the bulk water may have been rate limiting. Otherwise. the curve would be inear Oxygen diffusion rate from bulk to surface increases wlt.r DO at the metal surface
Biotic Experiment decreases. Turbulence in the water niase caused by aeration in
The open channel flow reactor proved its usefulness to n, -the PARC flask influences the DO flux into diffusion layer crobial corrosion investigations The reactor contained 24 circilapH at the cathodically protected meta' surface has been meacoupons. Twelve of the coupons were covered with an artificial sured in two different systems.
(1) sodium chioride and (2) artificial biofilm prepared by immob!itzing microorganisms in a gel majr'
seawater. The metal surface PH varies with applied cathodic poImmobilization of microorganisms at the surface of corrosto-cotential in different ways for the two solutions Increasing applied pons offers several advantages, including (1 microorgasns impotential increased the measured PH in botn cases. which is conmobilized at the metal surface can be chosen according to expersistent with theory [Equation (1)1 and meta! surface DO consumpmenta goals. (21 a 2% agar layer prevents bacterial contamain:
" , c tion ( Figure 6 ). The shape of the pH curves (Figure 7) . as a funcfrom the water, and (3) the agar layer prevents wash out o' inoc.-tion of applied potential in the range zero to -0.8 V SCE), reflects lum from the metal surface. Nutrient supply to the mlcrooganis.s the changes in DO in the same rarie cf applied potential (Figure and cnemical inhibition are accomplished by transport Inrouch th 6). Further increase in potential below -08 V(SCE) causes reagar layer The relatively high number of coupons in the rea:c',, lease of hydroxyl ions [Equation (2)] Results clearly indicate that atlows replications and destructive sampling e o cat hooc pola'-the ionic constituents influence the pH obtained at a given DO ization). A constant supply of nutrients and constant removal o' concentration products avoids the problems arising in a closed system because The flux of hydroxyl ions toward the bulk liquid from the metal of changing water quality. surface during cathodic polarization is not the only factor that influ-
The results of cathodic polarization measurements in the ences pH at the metal surface An increase in cathodic potential presence and absence of microorganisms on the corrosion coucauses oxygen reduction and release of hydroxyl ions This is. in pons confirmed expectations i resence of microorganisms principal, similar to titrating the metal-water interface with strong decreased measured current density resulting from consumption o' base. The change in pH as a function of applied potential in sooxygen by microorganisms thus decreasing its availability for cadium chloride is sigmoidal, while in artificial seawater, the chance thodic processes (Figure 8 ). Direct measurements of the DO Irois minimal. For sodium chloride, the titration ' = for a strong acid file through the agar film confirmed this result. In the presence of with a strong riase. In the case of artificial seawater, the carbonate microorganisms, DO was zero at the metal surface (Figure 9 ) buffering system acts as a weak acid Glutaraldehyde treatment was undertaken to prove that the observed phenomena was caused by the microorganisms presence
After 14 h of glutaraldehyde treatment, the cathodic polarization curve was almost identical to that at the beginning of the experi-
ment (Figure 8 ). The microorganisms were inactivated and oxygen was again available for cathodic processes Measurements of the DO profiles in agar layer in the presence of microorganisms before
(51 and after glutaraldehyde treatment confirm this result The DO profile in the agar layer with immobilized microorganisms after glutaHydroxyl ions. released as a result of cathodic polarization raldehyde treatment was similar to that in the agar layer without (Equations (1) and (2)] react with hydrogen ions (Equations (4) microorganisms present. A slight oxygen gradient suggests that and (5)) and shift the reaction balance toward carbonate formation some microorganisms survived the glutaraldehyde treatment and The titration is for a weak acid with strong base. Thus, the bicarwere still respiring (Figure 10 )
Consumption of oxygen by microorganisms colonizing metal enced by the buffering system of the electrolyte surfaces has implications for cathodic protection systems If DO concentration at the mete' surface is loA. cathodic protection will N Buffered electrolytes can reduce n.tal surface cH fror tneore;-not provide the expected increase in pH [Equation t11) From a cal expectations during cathodic polarization Metal surface rncrc practical standpoint, this means that the conditions at the metal bial activity has probably the same effect surface may not be so conducive for calcareous deposition, as is expected from theory. This modifying effect can be magnified by Ii Reactors for microbial corrosion investigations must provide for high water buffering capacity. Decreases in buffering capacity continuous removal of electrochemical and microbial reaction make the metal-water interface sensitive, to PH changes that may products. Accumulation of reaction products in the system may adversely influence the system from a corrosion standpoint when substantially influence water puality and change conditions at tie the metal surface is colonized with microorganisms. Microbial acmetal surface, possibly causing artifactual results. ContiuoJs s-o tivity at the metal surface is generally "patchy." thereby resulting in nonuniform distribution of pH at the metal surface The nonuniply of nutrents at relevant concentratons to the reactor is arso 1 pH at a cathodicaly protected metal surface is strongly nfl-2!78 158-
